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The nucleotide sequence of the Pseudomonas aeru- 
ginosa algC gene encoding phosphomannomutase 
(PMM; EC 5.4.2.8) was determined. The codon usage 
in algC in the wobble base position was 90.4% G+C, 
typical of Pseudomonas genes. The predicted amino 
acid sequence of phosphomannomutase (PMM) showed 
homology over a stretch of 112 amino acids in the 
carboxyl terminus with rabbit muscle phosphogluco- 
mutase (PGM), an enzyme that catalyzes a reaction 
analogous to that catalyzed by PMM. In addition, a 
specific amino acid sequence within PMM showed ho- 
mology with the catalytic site of PGM. DNA sequence 
analysis of a defective algC gene {algC') cloned from a 
mutant of P. aeruginosa that lacked PMM activity 
revealed one point mutation (a C to T transition) in the 
carboxyl terminus of PMM which resulted in an amino 
acid change from arginine 420 to cysteine 420. The 
mutation identified in the algC' gene was not within 
the regions of homology with PGM. The algC promoter 
showed significant homology with the promoters of 
two other P. aeruginosa genes involved in alginate 
synthesis, algD and algRl. Both the algD and algRl 
promoters are activated by the product of the algRl 
gene in P. aeruginosa. The upstream region of the algC 
gene contained a sequence identical to the algD up- 
stream sequence that is known to be the binding site 
for the AlgRl protein. Expression of algC was reduced 
5. 7- fold in an algRl mutant of P. aeruginosa compared 
to its isogenic parent strain (lacking the algRl muta- 
tion), suggesting that the algRl gene product activates 
the transcription of the algC gene. 



One clinical manifestation of cystic fibrosis (CF) 1 is the 
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production of large amounts of hypervisCous bronchial secre- V / 

tions. The accumulation of this material in the respiratory 
tract of CF patients appears to make these individuals espe- 
cially vulnerable to bacterial lung infections. Pseudomonas 
aeruginosa is a prevalent pathogen in the! lungs of CF patients 
(1). While P. aeruginosa can cause damajge to the lung tissue 
by producing toxins and proteolytic enzymes, the primary 
complication resulting from P. aeruginosa infection in CF is 
the production by the bacterial cells of; a slimy exopolysac- 
charide known as alginate (1). The presence of alginate ex- 
acerbates the respiratory difficulties resulting from the ab- 
normally viscous CF Lung environment. 1 

The alginate layer surrounding P. aeruginosa In the CF 
respiratory tract provides a protective barrier against antibi- 
otics and the host immune defenses (I, 2). Clearly, prevention 
of alginate synthesis by P. aeruginosa in the CF lung would 
enhance existing treatment strategies. Thus, compounds that 
inhibit enzymes required for alginate synthesis in P, aerugi- 
nosa (see Fig, 1) have potential use as therapeutic agents. The 
development of such drugs has been hindered by the inability 
to obtain sufficient quantities of alginate biosynthetic en- 
zymes for characterization and inhibitor studies. This is due 
to the extremely low activity levels of these enzymes in cell- 
free extracts, even in those prepared from heavily mucoid 
(alginate -producing) P. aeruginosa strains (3). To circumvent 
this problem, many of the P. aeruginosa alginate (alg) genes 
have been cloned in broad host range-controlled expression 
vectors to allow overproduction of the gene product of interest. 
Two alginate biosynthetic enzymes from P. aeruginosa, PMI- 
GMP (the algA gene product), and GMD (the algD gene 
product) (see Fig. 1), have been overproduced and purified 
using this method (4-7). The gene encoding PMM (step 2, 
Fig. 1), was of interest as PMM represents yet another poten- 
tial target of inhibition of alginate synthesis. In addition, 
although phosphomannomutases from yeast (8, 9) and plants 
(10) have been studied, very little information about PMM 
from bacterial sources has been reported in the literature. In 
this paper, we describe the cloning of the P. aeruginosa algC 
gene encoding PMM, present the nucleotide sequences of the 
wild- type and mutant algC genes as well as the transcriptional 
and translational initiation sites of the wild-type gene, and 
examine the transcriptional regulation of the algC gene in P 
aeruginosa. 

EXPERIMENTAL PROCEDURES 3 
RESULTS 

Cloning of a P. aeruginosa Gene Encoding PMM — The 
activity levels of PMM and other alginate biosynthetic en- 

7 Portions of this paper (including "Experimental Procedures," part 
of "Results," Tables I-Hl, and V, and Figs. 3-9) are presented in 
miniprint at the end of this paper. Miniprint is easily read with the 
aid of a standard magnifying glass. Full size photocopies are included 
in the microfilm edition of the Journal that is available from Waverly 
Press. 
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zymes in crude extracts of P. aeruginosa are extremely low 
and can barely be detected (3). One of our objectives was to 
clone the P. aeruginosa algC gene under tac promoter control 
to allow overproduction of PMM, thereby obtaining sufficient 
amounts of the enzyme for characterization and inhibitor 
studies. In order to achieve this objective, we first identified 
an alginate-negative mutant of P t aeruginosa that lacked 
PMM activity (strain 8858), using the strategy outlined under 
"Results" in the Miniprint. We then screened genomic librar- 
ies of P. aeruginosa 8830 for recombinant plasmids that would 
complement the alg-28 mutation in mutant 8858, using the 
approach described under "Experimental Procedures." From 
a BamHI-generated library, we recovered a recombinant plas- 
mid (pAB8) that restored the mucoid (alginate -producing) 
phenotype to mutant 8858. The level of alginate produced by 
strain 8858 containing pAB8 was comparable to that observed 
for the mucoid parent strain 8830 (Table III). 

Subcloning of various cloned fragments from within the 26- 
kb insert in pAB8 localized the ability to complement mutant 
8858 back to the mucoid phenotype to a 2.6-kb Hindlll-Sstl 
fragment. The plasmid containing this 2.6-kb fragment was 
designated pNZlS. The size of the 2.6-kb insert was further 
decreased by making unidirectional deletions from the 
Hindlll end using exonuclease III. This resulted in a 1.8-kb 
fragment that complemented mutant 8858 but only when 
cloned downstream of a vector-encoded promoter sequence 
(pNZl5-A2C). All of the various plasmids that contained 
subcloned fragments of the original 26-kb insert in pABS and 
still complemented mutant 8858 were passaged through Esch- 
erichia coti AC80. Upon reintroduction into 8858 these plas- 
mids again restored the mucoid phenotype. We demonstrated 
previously (29) by hybridization analysis that the cloned 2.6- 
kb insert in pNZlS was of P. aeruginosa origin. This fragment 
hybridized with a 2.6-kb fragment of /findlll-Ssfl-digested 
chromosomal DNA from P. aeruginosa strains 8830 and 
PAOl, as well as with DNA fragments of varying sizes from 
several other Pseudomonas species belonging to Pseudomonas 
rRNA homology group I, Azomonas macrocytogenes, Azoto- 
barter uinelandii, Serpens flexibilis, and Xanthomonas cam- 
pestris (29). The fragment did not hybridize with Hindlll- 
Ssrl-digested chromosomal DNA from E. coli, Salmonella 
typhimurium, or Klebsiella pneumoniae (29). 

Identification of P. aeruginosa Proteins Encoded by the 2.6- 
kb Insert in Plasmid pNZlS — In order to determine the num- 
ber and Gize(s) of polypeptides encoded by the cloned P. 
aeruginosa DNA in plasmid pNZlS, and the direction of 
transcription of the putative P. aeruginosa algC gene, the 2.6* 
kb HindllhSstl fragment was cloned into the vectors pT7-5 
and pT7-6 (16, 17). This allowed exclusive labeling of the 
plasmid-encoded polypeptides using a T7 RNA polymerase/ 
plasmid promoter system in E. coli strain K-38/pGPl-2 (16, 
17) (see "Experimental Procedures'*). The resulting hybrid 
plasmids, pNZ530 and pNZ631, contain the cloned Hindlll- 
Sstl fragment of P. aeruginosa DNA in opposite orientations 

phi win Gnp crto 

Ft? — «t»P ■*—»> HIP « * GDPtl -' » GMA ' — ■ • ALGINATE 
4/9C stpA »1gO 

FlG. I. Alginate biosynthetic pathway in P. aeruginosa. 
Abbreviations: F6P, fructose 6-phosphate; M6P, mannose 6-phos- 
phate; AfJP, mannose 1 -phosphate; CDPM, GDP-mannose; GMA. 
GDP-mannuronic acid; PMI, phosphomannose isomerase; PMM, 
phosphomannomutase; GMP, GDP-mannose pyrophosphorylase; 
GMD, GDP -mannose dehydrogenase. The P. aeruginosa algA gene 
encodes a birunctionoJ PMX-GMP (7). algD encodes GMD (4), and 
algC encodes PMM (this report). Steps between GMA and alginate 
include polymerization, epimerization, acetylation, and export, al- 
though little information is currently available aboutlthese steps. 



relative to the T7 RNA polymerase promoter (Fig. 2). In these 
vectors, the <?: lactamase gene is not selectively transcribed. 
The plasmids were introduced into E. coli strain K-38/pGPl- 
2 and plasmid-encoded proteins were selectively labeled with 
[ 35 S] methionine following growth, heat induction, and rifam- 
picin treatment of the strains (16 t 17). The results shown in 
Fig. 2 indicate that a single polypeptide having an estimated 
molecular weight of 50,000 was synthesized from the cloned 
insert in plasmid pNZ631. This polypeptide was formed even 
in the absence of thermal induction, demonstrating incom- 
plete repression of the T7 RNA polymerase at 30 # C in these 
strains. No additional polypeptides were synthesized in plas- 
mid pNZ530 compared to the vector control pT7-5, suggesting 
that the direction of transcription of the putative algC gene 
is from Hmdlll to Sstl in the 2.6-kb cloned insert in pNZ15. 

Enzymological Analyses — Plasmids containing the putative 
P. aeruginosa algC gene, either on the aforementioned 2.6-kb 
Hindlll-Sstl fragment or its L8-kb deletion derivative were 
introduced into strain 8858 to test for increased PMM activity 
(Table IV). Strain 8858 alone had extremely low levels of 
PMI and PMM activity. The presence of plasmid pNZlo in 
strain 8858 led to a high level of PMM activity. When the 
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FiC. 2. Auto radiogram showing the single polypeptide en- 
coded by the cloned 2.6-kb Hindlll-Sstl UN A fragment that 
complements P. aeruginosa mutant 8858. A + indicates thermal 
induction (42 "C for 10 min). A - indicates no induction. Cells were 
treated with rifarnpicin prior to w S-labeling of proteins. After SDS- 
PAGE, radioactive polypeptides were visualized by autoradiography. 
Lanes I and 2, pT7-5 vector control; lanes 3 and 4, pNZ530 (2.6-kb 
Hindlll-Sstl fragment cloned into pT7-5 with the Sstl site proximal 
to the T7 promoter); lanes 5 and 6, pT7-6 vector control; lanes 7 and 
8, pNZ631 (2.6-kb Hindlll-Sstl fragment cloned into pT7-6 with the 
tfindlll site proximal to the T7 promoter). The position of PMM is 
indicated by the arrow. The position of the cloned inserts relative to 
the T7 promoter in each plasmid is represented schematically in the 
bottom of the figure. 
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Table IV 

Specific activities of P MI and PMM in P. aeruginosa 8858 and E. 

coii AC8Q containing subc lones derived from pAB8 

Specific activity 



Slrain/plasmid* PM1 





-I PTC 


+IPTG 


-IPTC 


+ 1PTG 






miltiunits/mg 




P. aeruginosa 










8858 


<1.0* 


<1.0 


<l.O* 


<1.0 


8858/pNZl5 


<l.O 


Nr 


93.6 


NT 


8858/pMMB22 


<1.0 


<1.0 


<1.0 


<1.0 


8858/pN2l8 


<1.0 


<l.O 


54.7 


88.2 


8858/pMMB66HE 


<l.O 


<1.0 


<1.0 


<1.0 


8858/pNZ48 


<1.0 


<1.0 


51.9 


38.8 


8858/pN249 


<1.0 


<1.0 


156.3 


325.0 


E. coti 










ACSO 


202.4* 


NT 


87.9* 


NT 


AC80/pMMB66HE 


225.1 


170.5 


86.3 


NT 


AC80/pN249 


172.2 


239.6 


76.4 


76.2 



* Plasmid pNZiS contains the algC gene cloned as a 2.6-kb frag- 
ment in pJRD215 (23). Plasmid pNZl8 contains the same 2.6-kb 
fragment cloned under tac promoter control in plasmid p.MMB22 
(44). Plasmids pNZ48 and pNZ49 contain the algC gene (cloned as a 
1.8-kb fragment under tac promoter control) in plasmids pMMB66EH 
and pMMB66H£ (30), respectively. 

* A 3pecific activity of <1.0 for PMT represents the wijd-type level 
for P. aeruginosa (3). The endogenous levels of PMI and PMM 
activity shown for E. coii AC80 are typical for this strain grown under 
these conditions (3). 

c Not tested as the algC gene is not under tac promoter control. 

2.6-kb Hindlll-Sstl fragment was cloned in the proper ori- 
entation under tac promoter control (plasmid pNZ18), a high 
level of PMM activity was also observed. This activity did 
not exceed that obtained with plasmid pNZl5, and the activity 
increased only moderately upon IPTG induction (Table IV). 
DNA sequencing of the 2.6-kb fragment cloned in pNZ15 (see 
below) indicated that the single open reading frame in this 
fragment lies approximately 1.2 kb from the Hindlll end of 
the fragment. Thus, it appeared that the inability to overex- 
press the putative algC gene in pNZlS was due to the 1.2 kb 
of intervening DNA between the tac promoter and the start 
of the aigC gene. To test this possibility, the 1.8-kb deletion 
derivative of the 2.6-kb HtncLIII-Ssd fragment was cloned in 
both orientations relative to the tac promoter in the vectors 
pMMB66EH and pMMB66HE (30) to create plasmids pNZ48 
and pNZ49, respectively. The latter plasmids were introduced 
into P. aeruginosa strain 8S58 and crude extracts were pre- 
pared from cultures grown with and without IPTG induction 
(Table IV). Although a high level of PMM activity was 
observed in 8858 containing pNZ48, the activity did not 
exceed that observed for plasmid pNZ18, and the PMM 
activity did not increase upon IPTG induction. Strain 8858/ 
pNZ49 yielded the highest PMM activity observed for any 
strain/plasmid combination, and this PMM activity increased 
2.1 -fold upon IPTG induction. The direction of transcription 
of the putative algC gene relative to the tac promoter in pNZ49 
was the same as that in plasmid pNZ631, the only construct 
that directed the synthesis of a "S-Iabeled protein using the 
T7 RNA polymerase/plasmid promoter system (see Fig. 2). 
No increase in PMI activity was observed in any P. aeruginosa 
strain harboring a plasmid containing the putative algC gene, 
and no PMM (or PMI) activity was found associated with the 
plasmid vectors alone (Table IV). 

E. coii contains high endogenous levels of PMI and PMM 
activity (3, Table IV). Introduction of plasmid pNZ49 did not 
lead to a significant difference in the level of PMM (or PMI) 
activity in crude extracts of E. coii, even upon IPTG induction 
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(Table IV). However, when a crude extract of E. coii ACSO/ 
pNZ49 (prepared from IPTG-induced cells) was fractionated 
by ion-exchange chromatography, a second peak of PMM 
activity was observed in addition to the peok of PMM activity 
endogenous to E. coii (Fig. 3). 

Samples of the crude extracts prepared from P. aeruginosa^ 
8858 and £. coii AC80 overexpressing the putative P. aerugi- 
nosa algC gene, along with the appropriate vector and unin- 
duced controls, were subjected to SDS-PAGE (Fig. 4). The P. 
aeruginosa strains having elevated PMM activity, 8858/ 
pNZl8 and 8858/pNZ49, contained a protein band corre- 
sponding to an estimated molecular weight of 51,000. This 
was in agreement with the molecular weight (50,000) of the 
single J5 S-labeled polypeptide synthesized from the 2.6-kb 
Hindlll-Sstl fragment in plasmid pNZ631 (Fig. 2). E. coii 
contained numerous intense protein bands that comigrated 
to the position corresponding to a molecular weight of 51,000 
(see Fig. 4). Thus, it was not possible to discern an additional 
band encoded by the putative P. aeruginosa algC gene in E. 
coii AC80/pNZ49 even with IPTG induction. Likewise, when 
samples of column fractions spanning both peaks of PMM 
activity from E. coti AC80/pNZ49 (+IPTG) recovered from 
ion-exchange chromatography (see Fig. 3) were subjected to 
SDS-PAGE, numerous intense protein bands in the M t 51,000 
range obscured any band that may have been encoded by the 
cloned insert in pNZ49 (data not shown). 

To confirm that the cloned DNA fragment in pNZ49 con- 
tained the algC structural gene encoding the PMM polypep- 
tide, PMM from P. aeruginosa 8858/pNZ49 was purified to 
an extent that allowed its N-terminal amino acid sequence to 
be determined (see "Experimental Procedures"). Following 
sequential purification steps using ion-exchange, hydroxyl- 
apatite, and gel-filtration chromatography (Fig. 5), PMM was 
judged to be >90% pure based on SDS-PAGE (Fig. 6). The 
N-terminal amino acid sequence of the protein, read to 19 
amino acids, was S-T-V-K-A-P-T-L-P-A-S-I-F-R-A-Y-D-I- 
R. This sequence corresponded exactly to the N-terminal 
amino acid sequence predicted from the nucleotide sequence 
of the aigC gene (described below). 

DNA Sequence Analysis— The complete nucleotide se- 
quence of the P. aeruginosa aigC structural gene contained 
within the 1.8-kb DNA fragment that complemented mutant 
8858 (described above) was determined (Fig. 7). One open 
reading frame was identified which was capable of coding for 
a protein of 463 amino acids. The calculated molecular weight 
of PMM predicted from the nucleotide sequence of the algC 
gene (50,269) was in agreement with the molecular weight of 
PMM (51,000) determined by SDS-PAGE. The codon usage 
in the wobble base position was 90.4% G+C (see Table V), 
typical of Pseudomonas, genes (31, 32). The direction of tran- 
scription of algC was shown (Fig. 2) to be from the Hindlll 
site to the Sstl site of the 2.6-kb fragment in plasmid pNZ15. 
Following determination of the N-terminal amino acid se- 
quence of PMM (described above), it was determined that 
translation of the algC message initiated with a methionine 
and terminated with a TGA codon 1,388 nucleotides down- 
stream of the ATG (Fig. 7). A putative ribosome-binding 
sequence, GGAG (33), was located 12 bp upstream of the 
translational initiation codon (Fig. 7), The 5' end of the algC 
mRNA was found to be a G located 244 bp upstream of the 
translational initiation site (data shown below). 

A sequencing strategy analogous to that used for the wild- 
type algC gene was used to sequence the algC gene cloned 
from the PMM" mutant P. aeruginosa 8858 (as described 
under "Experimental Procedures"). A single C to T transition 
was found at nucleotide position 1505 of the algC coding 
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region, resulting in a change from arginine 420 to cysteine 
420 (data not shown). 

Comparison of the nucleotide sequence of algC with other 
nucleotide sequences in GenBank^/EMBL Data Bank (34) 
showed only weak overall homologies. However, PMM did 
show significant localized amino acid homology with phos- 
phogiucomutase (PGM) from rabbit muscle (35). PMM and 
PGM catalyze analogous irrterconversions of hexose 6- phos- 
phates and hexose 1 -phosphates. The 44% sequence similarity 
was restricted to a 112 amino acid stretch located in the 
carboxyl terminus of both enzymes (Fig. 8). The significance 
of the homology in this region is not known at present. 

PGM belongs to a family of phosphoserine enzymes which 
share a serine residue that is phosphorylated in the active 
form of the enzyme (36). The amino acid sequence Thr-Ala- 
Ser-His-Asn is known to be critical for PGM activity, and 
this sequence is within the 21 amino acid long active site 
region of PGM (35). The amino acid sequence Thr-Gly-Ser- 
His-Asn was found in the algC coding sequence (amino acid 
positions 106-110, Fig. 7). The region surrounding the Thr- 
Gly-Ser-His-Asn sequence in PMM was compared with the 
21 amino acid long active site region of PGM (Fig. 9). Consid- 
erable homology (57%) between PMM and PGM was observed 
in this region (which lies in the NT-terminal portion of both 
proteins). Furthermore, of the matched amino acids compris- 
ing this 57% homology, 75% (9 out of 12) were exact matches 
(only 25% of the matches were conserved replacements, see 
Fig. 9). 

Identification of the Transcriptional Initiation Site ofalgC — 
The 5' end of the algC gene was mapped using SL nuclease 
protection (24). A 15-bp synthetic oligonucleotide (5'GCG- 
GAAGATGCTGGC3') designated PEL was used as primer. 
PEL is complementary to nucleotides 275-290 of the algC 
DNA sequence (Fig. 7). A 1.5-kb /fmdIII-ATzoI DNA fragment 
from within the 2.6-kb DNA fragment in plasmid pNZlS 
contains the putative algC promoter region and an additional 
1 kb of upstream P. aeruginosa DNA. This fragment was 
cloned into the HindUl-Sall sites of Ml3mpl9 resulting in 
phage mNZ25 which was used as the source of single-stranded 
DNA. The 1.5-kb HindlU-Xhol fragment was hybridized to 
total cellular RNA from the mucoid P. aeruginosa strain 8830 
and to RNA from a nonmucoid strain of P. aeruginosa (8822) 
harboring plasmid pN2l5-AHE, which contains the algC 
structural gene and 1.2 kb of P. aeruginosa DNA upstream of 
the translational start site of algC (the promoter of the vector- 
encoded tetracycline resistance gene was deleted in plasmid 
pNZl5-AHE, see below). Analysis of the protected DNA 
fragment(s) on a low resolution polyacrylamide gel revealed 
one strong signal migrating to a position corresponding to 274 
bp in length (Fig. 10). Since the same primer was used for the 
Si mapping and the dideoxy sequence analysis, transcription 
was determined to initiate with a guanosine located 244 bp 
upstream of the algC translational initiation codon. 

A comparison of the upstream region preceding the algC 
structural gene with the consensus E. colt RNA polymerase 
<t'° recognition sequence revealed no similarity in the -10 or 
the -35 regions. We did observe that the GC at positions -21 
and -22 and the GG at positions -33 and -34 of the algC 
gene had the same spacing as the GC at positions -12 and 
-13 and the GG at positions -24 and -25 of an enteric 
bacterial rpoN (a u ) consensus sequence (37, 38) (Fig. 11). 
However, the position of the bases relative to the transcrip- 
tional start site was different in the algC sequence and the 
rpoN consensus sequence. The significance of this shift in 
position is not known at present. More importantly, perhaps, 
was the finding that the GC and GG sequences at positions 
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FiC. 10. Identification of the transcriptional initiation site 
of algC. Si nuclease mapping was performed with a 15-raer synthetic 
oligonucleotide (PEl) which was complementary to the sense strand 
of the 5' end of algC. The probe was hybridized to total cellular RNA 
from P. aeruginosa strain 8830 {lane 1 ) and P. aeruginosa strain 8822 
harboring the plasmid pNZl5-dHE { lane 2). Products of the Si 
nuclease reactions are adjacent to dideoxy sequencing reaction lanes 
{GATC) prepared with primer PEl. The complementary sequence is 
shown to the left of the sequencing reaction. The arrow and asterisk 
indicate the guanosine corresponding to the products protected from 
Si nuclease. This position is 244 bp upstream of the translational 
start site (see Fig. 7). 
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Fig. 11. Comparison of the sequence of the putative pro- 
moter region of algC with that of algD, algRl, and the <r- M 
(RpoN) consensus sequence. The transcriptional start site is des- 
ignated as +1. The GG and GC within the putative <r* recognition 
sequence are boxed. Identical base matches between algC with algD, 
algRl, and the rpoN consensus are indicated by solid vertical lines. 
Identical bases between algC and algD are indicated by between 
algD and algRl by and between algRl and algC by Other tetters 
are defined as follows: V, pyrimidine; R, purine: and N t any base. 

-21/-22 and -33/- 34 of algC also exist at these same posi- 
tions in the upstream region of two other P. aeruginosa genes 
involved in alginate synthesis, algD and algRl (39, 40) (Fig. 
11). 

Analysis of algC Gene Expression — To construct plasmid 
pNZ15, the 2.6-kb Hindlll-Sstl fragment containing the algC 
structural gene was cloned between the Hindlll-Sstl sites of 
pJRD215 ( which placed the algC gene downstream of the 
tetracycline resistance gene promoter present in pJRD215 
(23). To determine if the algC gene was being expressed from 
this vector-specific promoter or from its own promoter, the 
EcoRI-i/tVidlll vector segment containing the let promoter 
was removed from pNZlS, generating plasmid pNZl5-AHE. 
This construct was still able to complement the alginate- 
negative P. aeruginosa mutant 8858, indicating that the algC 
gene within the 2.6-kb fragment was indeed being expressed 
from its own promoter. 

The P. aeruginosa algD gene is transcriptionally activated 
in mucoid strains of P. aeruginosa (4). This activation is 
mediated by the product of the algRl gene, a trans-acting 
regulatory protein that autoregulates the expression of algRl 
itself as well as activating algD (40). Since the upstream region 
of the algC gene showed similarity both in sequence and 
spacing to the upstream regions of both the algD and algRl 
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Table VI 

8'Gatactosuiase activities in P. aeruginosa strains containing the 



Strain/plasmid' 


^-Galactostdase specific 
activity* 


8830/pNZ63 


51 


3852/pN263 


9 


8&58/pNZ63 


200 



v "- ,w giuwn tor 10 n in i i v_j meatum (.see experimental 

Procedures**). The doubling time (2 h) was the same for all strains in 
this medium. 

* Specific activities are defined as nanomoles of o-nitrophenol 
formed/minute/milligrara of crude extract protein. The specific activ- 
ity values given are the average of three independent experiments 
that gave essentially identical results. 

genes (Fig. 11), it was possible that the algC gene was also 
transcriptionally regulated by the algRl gene product. To test 
this possibility, a transcriptional fusion vector was con- 
structed using the algC upstream region from pNZlS (1.5 kb 
of DNA upstream of the internal Xhol site at nucleotide 
position 533, see Fig. 7) and the promoterless lacZ structural 
gene in the vector pKRZ-1, a broad host-range promoter probe 
vector based on the pSA origin of replication^ This placed 
the promoterless lacZ gene directly under the control of the 
algC promoter sequence and 1.0 kb of upstream DNA, creating 
piasmid pNZ63. Plasmid pNZ63 was introduced into the 
stable mucoid (alginate-producing) P. aeruginosa strain 8830 
and an algRl mutant derived from 8830 (strain 3852), to 
determine if transcriptional activation of algC was dependent 
on a functional algRl gene. E. coli CSH50 (25) containing 
pNZ63 was also examined as a negative control. In three 
independent experiments, the specific activity of ti-galactosid- 
ase was 4.8-6.6-fold (average 5.7-fold) lower in 8852/pNZ63 
o compared to 8830/pNZ63 grown under the same conditions 
(Table VI). Negligible levels of J-galactosidase activity were 
detected in £. coli CSH50/pNZ63. 

PMM activity is induced in P. aeruginosa in response to 
overproduction of the preceding enzyme of the alginate bio- 
synthetic pathway, phosphomannose isomerase (3). This sug- 
gested that the product of the PMI reaction/ mannose 6- 
phosphate, may be involved in the induction of PMM activity. 
Since P. aeruginosa strain 8858 lacks PMM activity, it would 
be expected to accumulate mannose 6-phosphate as a result 
of the mutational block at PMM. If mannose 6-phosphate 
was indeed involved in inducing PMM activity by increasing 
the level of algC transcription, then strain 8858 "should have 
high levels of algC transcription, even though the message 
formed coded for an inactive PMM. To test this possibility 
wejntroduced the algC-lacZ fusion vector pNZ63 into strain 
8858 and compared the level of /3-galactosidase activity to 
strain 8830 (from which 8858 was derived) (11) containing 
pNZ63. The level of algC transcription, measured as d-galac- 
tosidase activity, was 4-foid higher in strain 8858/pNZ63 than 
in 8830/pNZ63 (Table VI). 

DISCUSSION 

The inherently low activity levels of alginate biosvnthetic 
enzymes in mucoid strains of P. aeruginosa (3, 41) have made 
it difficult to attribute the loss of alginate production in Alg" 
mutants to a loss of a specific enzymatic activity. Also such 
low enzyme activities hinder the purification of sufficient 
quantises of enzymes needed for rigorous characterization for 
development of inhibitors that have potential therapeutic 
application m the treatment of P. aeruginosa respiratory tract 



3 R. Rothmel, manuscript in preparation. 



infections in CF patients. Our laboratory successfully cloned 
and overexpressed two P. aeruginosa alg genes, algA and algD, 
and overproduced and purified their respective gene products, 
PMI-GMP and GMD (4-7). In this report we describe the 
cloning, sequencing, and genetic characterization of yet an- 
other P. aeruginosa alg gene, algC (encoding PMM), and 
examine its transcriptional regulation. 

We used an indirect approach to identify an Alg" mutant 
of P. aeruginosa that lacked PMM activity. Sa'-Correia et air 
(3) showed that overproduction of PMI in P. aeruginosa led 
to a simultaneous increase in PMM activity. By overexpress- 
ing the aigA gene in several Alg" mutants of P. aeruginosa, 
we were able to show that strain 8858 (/us-/, alg-28) lacked 
the increase in PMM activity that normally accompanies 
overproduction of PMI, and thus appeared to have a mutation 
in the algC structural gene. Wang et ai (28) showed that none 
of the alg genes cloned previously in this laboratory encoded 
PMM, and it is interesting that strain 8858 belonged to a 
group of Alg" mutants that were not complemented by any of 
the cloned alg genes in our collection. It was possible, however, 
that the mutation in strain 8858 resided in a regulatory gene 
that was involved in the induction of PMM activity. The loss 
of such a regulatory gene would be manifested in P. aeruginosa 
as an AJg" phenotype and in an absence of elevated PMM 
activity in response to overproduction of PMI. characteristics 
indistinguishable from an algC structural gene mutant. 

Strong evidence in favor of strain 8858 containing a muta- 
tion in the algC structural gene came from cloning of a P. 
aeruginosa gene that complemented the alg-28 mutation and 
restored the mucoid phenotype to strain 8858. Plasmid pNZ49 
contained the putative algC gene cloned under control of the 
tac promoter. Introduction of pNZ49 into strain 8858 led to 
highly elevated PMM activity that increased still further (2.1- 
fold) upon IPTG induction (Table IV). In addition, when 
plasmid pNZ49 was introduced into E. coli AC80 and the 
putative algC gene overexpressed by IPTG induction, two 
peaks of PMM activity were resolved following ion-exchange 
chromatography of crude extracts. Only the larger trailing 
peak of PMM activity shown in Fig. 3 is normally present in 
extracts of E. coli AC80. It is very unlikely that a P. aeruginosa 
regulatory gene that induces PMM activity in P. aeruginosa 
could cause induction of a previously unrecognized second 
isozyme of PMM in E, coli. 

Taken together, these data suggested that the gene cloned 
in pNZ49 was the P. aeruginosa algC structural gene encoding 
PMM. However, proof of this could only be obtained by 
determining the N-terminal amino acid sequence of purified 
PMM and comparing it to the N-terminal amino acid se- 
quence predicted from the nucleotide sequence of the algC 
gene. We have confirmed that the cloned gene in pNZ49 does 
in fact encode PMM, based on 100% agreement between the 
first 19 N-terminal amino acids in the purified PMM and the 
N-terminal sequence predicted from the nucleotide sequence 
of the algC gene. To our knowledge this is the first report of 
the cloning and sequencing of a gene encoding PMM from 
any organism. 

The sequence similarity between the 21 amino acid long 
active site region in the N-tenninal portion of PGM (35) and 
the region surrounding the amino acid sequence Thr-Gly-Ser- 
His-Asn in the N-terminal end of PMM (Fig. 9) suggests that 
this region may contain the PMM active site. Furthermore, 
the similarity in this region of the two proteins suggests that 
in PMM, like PGM (36), the serine residue within the active 
site may need to be phosphorylated to produce an active 
enzyme. Investigations into that possibility are underway 
using oligonucleotide -directed site-specific mutagenesis to 
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identify regions of the algC gene that are important in forming 
the active site of PMM. The significance of the 44% sequence 
similarity in the carboxyl end of PMM and PGM is not 
known at present as the functional role of this region in either 
protein, if indeed one exists, is not known. 

The nucleotide sequence of a mutant algC gene (algC) 
cloned from the PMM" mutant P. aeruginosa 8858 was also 
determined. One point mutation (a C to T transition) was 
detected at nucleotide position 1505 t which results in an 
amino acid change of arginine 420 to cysteine 420. Both the 
algC and algC genes were cloned behind the tac promoter in 
the proper orientation and overexpressed in P. aeruginosa 
8858. Analysis by SDS-PAGE showed that both extracts 
contained one overproduced protein band corresponding to a 
subunit molecular weight of 51,000, the size of the wild- type 
PMM. 4 Since DNA sequencing of the algC gene did not 
reveal any nonsense mutations, and since the algC and aigC 
genes appear to code for proteins of the same molecular 
weight, we conclude that the algC gene cloned from the 
PMM" mutant 8858 does not encode a truncated PMM. The 
mutation in the algC gene is not within the putative active 
site sequence of PMM (Fig. 9) or in the region of homology 
with PGM (Fig. 8). Thus, the mechanism by which the argi- 
nine 420 to cysteine 420 mutation in the algC gene abolishes 
PMM activity in mutant 8858 is not known at present. 

Once the transcriptional initiation site for the P. aeruginosa 
algC gene was determined, the promoter region was compared 
to other prokaryotic promoters to determine which nucleo- 
tides may be important in RNA polymerase recognition. We 
found no sequence in the algC promoter region that resembled 
the E. coli consensus o"'° promoter sequence. This may explain 
the absence of ,3-gaIactosidase activity when pNZ63 (the algC 
promoter-focZ transcriptional fusion vector) was present in 
£\ coli CSH50. Although we did observe that the GC and the 
GG at positions -21/— 22 and -33/-34, respectively, of the 
algC upstream region had the same spacing as the GC (-12/ 
-13) and GG (-24/-2S) of an rpoN consensus sequence, the 
difference in position and intervening sequence (see Fig. 11) 
makes it impossible to make any conclusions with respect to 
a possible functional parallel between the two promoters. 
However, the considerable homology between the algC pro- 
moter and the promoter sequences of two other P. aeruginosa 
genes involved in alginate synthesis, algD and algRl (see Fig. 
11) is worthy of mention. The 1.8-kb DNA fragment that 
contains the entire algC coding region, the transcriptional 
initiation site, and 67 bases upstream of the algC transcrip- 
tional initiation site does not complement the PMM" mutant 
8858 unless cloned downstream of a plasmid promoter se- 
quence. This suggests that there are bases further upstream 
of the putative algC promoter sequence that are crucial for 
initiating transcription. Both the algD and algRl genes of P. 
aeruginosa are activated by the algRl gene product AlgRl 
(40), and AlgRl has recently been demonstrated by DNA 
footprinting experiments to bind at the -376 to -389 and 
-452 to -465 14-mer sites having the sequence 
CCGTTCGTCN 5 , This sequence is upstream of the algD 
transcription initiation site. This far upstream sequence is 
essential for activation of the algD promoter (42). Interest- 
ingly, the sequence CCGTTQGTC was also found in the 
upstream region of algC (nucleotides -86 to -94, see Fig. 7). 
The presence of this sequence, together with the homology 
between the putative promoter of the algC gene and the algD 
and algRl promoters, suggested that transcription of algC, 
algD, and algRl may be controlled by similar regulatory 
mechanisms, requiring trans- activation by AlgRl. We tested 

* N. A. Zielinski, unpublished results. . 



this possibility by introducing the algC-lacZ transcriptional 
fusion vector pNZ63 into the mucoid P. aeruginosa strain 
8830 and its isogenic algRl mutant strain 8852 (40). The 5.7- 
fold lower level of tf-galactosidase activity in 8852/pNZ63 
compared to 8830/pNZ63 (Table VI) suggested that the algRl 
gene product does in fact play a role in the transcriptional 
regulation of algC. It is noteworthy that AlgRl activates at 
least two alginate genes mapping at different positions on the 
P. aeruginosa genome; algD at 34 min (40) and algC (map 
position unknown but distinct from algD), and that the con- 
sensus AlgRl -binding sequence CCGTTCGTCN 6 has been 
located in the far upstream region of both of these genes. 
Further experiments are in progress to elucidate the regula- 
tory mechanisms governing algC gene expression and to de- 
termine the overall role of algRl in regulating alginate biosyn- 
thesis in P. aeruginosa. 
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n*«t Indocibla T' MA poly«>ar*** g*n* ( it . Wl. *rotain» one ouoo oy pMSUO 
and p*L6Jl w«ra aaloctivaly 1*0*11*0 by addition of ]»-l*o*li*d oatnlonin* 
to ttta aforoawntlonod plat*ia-co*t*ln Ing attain a following growth, hMt 
tnduotio* < to indgc* tb* TI MA polywor*** o*n* on pCPI-)l. and rifajaplria 
traai*M». aa otitlln*d by O *i- H')- rollowlng npo*tir* to )»-lab*ll*d 

**tntonin«, tn* call* wore contrl fug*4 *nd tn* p*ll*t vaa au*p*nd*d In 
dvtva Curing bdf:*r to lya« cn* call*. Tba ly*od imi|hmii|o»i «for« LA*n 

•uo]*ct*d to S03-*Aai and tno <*dloootlv* protoln* In th* g*l vara viiimKim 
ay ••'toradlograptiy prwiowsly daacrlDod |17|. Tn* aol*cul*r •tlgnt.» or tea 
pro tain* war* *ati*atad by cwauIioh vitfc tha •loratlon poaitlooa of 
l*C>laaaillM p rata in aolsoilar vajlgbt tundarda rue In ad)*c*at lan*a on lao 
9*i. 



«*A w>*d for 3 1 .tuciatt* Mpplng -«a L*«lac*d fro* 
w -nji «Rd ». aT-jamoa* c*lla. T5* »tr*m* wajr* grown 

Tnocflt -.M^r^ro-ToTa^lcht cultur*.. «« — " l ?«J ,l : iB1 
iaagu«nidlnl«> tniocy***^* p**~ol -rt*** »■ pr*vto*tly «*" C ^*?^^' ' 

r.t* WtA concentration «••• d*t*r»lb*d »o*<trop*ot< 



■j**d 



Th* Oid-ojcyiwlaotid* caal* cminad on *«tnod (ill »aa *oolfla«i 
ror 2»A MquMC DtuntlMUot «•!»« i«qM*n***T» 0«A polyaMTA** i 
mad** by tn* a*adf*et<i»r (at JI'CI and Il*now 0« pclt»*r*** t** •» 



,.nrln 9 in oror 10 lOUPntiry tn. ut.c of c*« °" LtlLl 

actw'ty C*«o«tc 3»A fro* th* "^'^ aU»n*l*-n*9*tl»* auCAnt 
I I.hlCb tacaa f»*Ji activity. a«* JUawltal **• dig«at«l to eo*pl«tLO« wit(» 



VI. for all raactlOtia 7 -de«**-<*CTT war auaatttotad :or ow.r 
.Uctwpnor-ttc >*nd co.pr...ioa ^rrlfact. (201- Th* no.t strain ^ I- 
sail ■.-*:<>• Ci». fr*o*r.tion of »*9«*ncing g*i». .i««r*pn«r..l . '^"J 0 "'* 
;nT. U tor.*logr-pny «r. P *rtaM a. d**crlb^» pr^l^aly «c-pt that 

prior to a-atcradic^rapfty. q.l- «r. M.-> in * »0» ae.tlc acU;10* srthaool 

i-.lon for *.0 *tn. tr*Aaf*rr*d to wri.t— « Jt*» pao*r, and 

A a.fcxiv AlflC ?*n*. dtnqoitat tls£*. elo*-d Tor n-cl*otld* 

**<n*ni 
1 actl' 

MSI ( »fi ■ v.j . — . -- ... j . , _ 

lUiJClll and SaA* *«* •*P*rat*d on * 0.1% a«*ro»* m* trMjrmmtt . m 

coTr.-ponding to 2.2-1.2 n aci.^ fro- t*. g*l. »» *fft^ 

• l.ct=o*l«t«J Mil. Th* ft*9*»-t. v*r« ta.n llj.tad into ^ a " I -*^[ 
otg*at*d pJN»21*. Mna-yeln r**lat*nt tra0.£or»*at- ^f*.^. 
atr-ptoajyTin a.naltl-lty. riawld 0«A — i»ol*t*<) tr» «An**yclo-r**l*t-fll, 
ttrapto-ycln-*.n<ltl*. cloa** and dig— t*o -1th appropr lata '•"^>=" ofl 
.n,yiorTo Id.ntiry placid, eontolnlog ** in.-rt b**lbg th* a«. 
p.tt.rn plaa.ld o«tlJ < th* -lld-typ* ilaC «*«• cionod In pJK>2t5J. On* 
P laa*ld, pnZl)-tl. waa ja*d aa tn* ao*rc. or tn* 4lff£ „, lM . 

for to* Ji iKlau* protection aia*y. prob* :ab*ttl«q, nyorldl t.t loo* 
*lth MA. and 21 n-xl*.M ligation* v*r* p*rfor»*d^ocordlno to^tO* 
pt«Mlar.*d procadur* 124». Hybrldlaat Ion* * - " " " ~~ 



*trlotlon 



at »5'C «w*n>lg»t. 




er:*. t*rr tr * and KQ1Y— nltJTt 

All ..tract pr***r.tlofl proc*dur»* -*r* c*rrl*d 0« at I'C. Crod- 
artraci. for A-9.i*cToal*..* ...ay. *-r. pt*P«^ In » «<1«- fT"^" 
b*:'*r |p« Lot coot* Ulna » aat ^.ajorcapU-ttKanol and 1 art ngaxM. C. tract. 
tar'p.I and m ..m M «*r* pr*o«r*d In 100 -n «f* o-t:.r (p. T.fll 
coniaminf 1 *M OTT and 10% glfwol (wff*r kl. Call* *.r* diampfd by 
•oniCAtiot) |l«)S«C.i:OOV|. Tn* aonic.tw #-p-«**n- rT",***?,,,^ 
c*nt;lfogad at 40.OOO r Q (or IO .1. to r*^* c*J. 4**rla. TA. r**ttltloq 
•upornatant la r..r**ftar r.farr*d to a* crvd* -*iract no *rf*rt " 
FrPl activity w** oo*ar**d v**o crud- aatraeta «*r* c*ntrtf<i9** «l HO.OOO 1 ft 

t0t 'fl-Galacto-ia.a. .i. a**ay«d According to KlJl*r (J4I. ^-gal^etoalda.. 
ap*clfjc actlvltl*. ar* d«fln*4 a* n«.o*wl« of o-nltcopftwiol prod«c«» par 
■inut* par al nigra* of erwd* **tr*et pr<ot*ln at c. pal 1.9. 
m: and FFW vara *»**y4 aa o*tlla*d 07 »*'-Corrala KL "15*/™ r ^ 

•ollo-lng •adiricalloo,*. Tn* a.aay boffar «»«d -*a 100 aa) MX 3 | pn 1.0 J, tl»* 
•aount of **cn cowpllno *aty*» ua*d (pftoapnogluco** l*o*»*ro**. pnoapho«aoa>oa* 
l*e»ara.*. and qlucom* *-phoapn.t* d*«ydroo*i**a* I -** tnera.aad to 1 U, tb. 
aaodot of *anno.a 4-OM«p«ata xa*d In to* fnt lncr*a**d to 10 awol. 

and tn* raactlon t*aq«r.tur* vaa JO'C. On. tail of wt or *7* ^^^T *■ 
daflnad a. tnat aa»«at vnich l.*d. to raductlo. of I .»! Of »A0f to -ADPM 
par aimit* unoar ta* •p-rclflad a***r eoddlllon.. Jp*clflc actlvitlaa *ra 
«apr*aa*d aa .UUv.Ica par allllgra. of crad* °";rj 0 - fr0X TjV. . R 

eoncantration. -*r* *-t*r.in«l try tAa wtnod of lradford t2«) *a MiilMd In 
tna aio-fiad frotoln Aaa*y Inatrgctton nmf>9*l. -ainfl •»* a» tn* rararaoc* 
protaln for coaairvctlon of atandard ear-«aa. 

^rtflritlmy of H9t k- ^ " 1 ** tw n b C ifl i rT""*-' D.t.naiHatlflfl 

rwi vaa purl f lad for .-t*r*tnal aalno acid a-*;u-ac. dat*r»lnatlo*» fro- 
IfTO-lnduead cyitvr** o( t- *tTt JJ ' tag * J ••«4/o.24t. 



I 



i 




T nn-irtcfmag« rnmMi«ir«aT- w fr4Ctlo «.i.4 * 

in * 4"* r ^ • ot ^* > l * * "^iT, lonoo Hft ic/10 solu-«. Tno 

**Cl. All »-Ci .olatlono «ar* pr»P*'«l »■ *«w ** 

;o aw potAatiu* pftoipnit* III mL ut.Lon ?(»• *npl» 

IM ,ly««r.ll. Th. do* nt. -« 1 -J '^^™ ^ " lq . 5. cnt.t p*n-M 
«»» poelM and cofte*ntr«a* « O.J »1 *T «l««ri"rrti«». 

fro. to- BTQra.rU>*">* ,^51^0/ 3 SlSJl. «• .i-Uam »tt.r 

Thi. pr.?*r«loe, v.. *««d .* u* it>c«cq «t.ri ** J ™ 
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uillim llu* C. pcoc-lrt -ol*cwl-r jc.r.e*ra». *rvi MA ««f 
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;* r ,f 1 rifjtLlnn of an ilnliun 



tfaag a£. li< 111! aftovod tnot oo«o of tno t- ■■fUginOMO Aid 9**« 

oloood provtouoly m t*l» laboratory »wco<»-rt nm. Tftw — d***a*d « •trat-vT 
ror olooloq to,* *JaC C*o« ooaoo oo following lo'-Corrol4 ti- *i- 

( J | anew* tAat m«n*9tMilM of cha t- ""-^ *U* 10 I- 

lfl f ^tnw. Imm oat ooly cs at*»atod lorola of la* 4isA **«• prwdoo* 
rn:~*K>. Nt «im to •iw«c*d i«*«ia or n** activity. Ta» poaaibitity tut 
rWMi •« activity «• hyp-rprod*c«d »!•<» prow IB vc« .lL*lMt*d 
MMMt, fUic« Ft* «u oaslly Maraud froo) rwi-ox* by »oa -•■«?» a««* 
cxRMUffrw (11- <V*rproductlo» at U«(. call ««>o(iuictlon«l ?M {tfto 
prodoct ot U« |. sail lAOo fooo) in t- tf "IT l«d to •l«*ac*d 
lovola or rm m. 

** «xpioit«4 thi* iBducieiiiir of « M-Miry • «uat ot t- 

u mfinamM u<t lac* ad M*X activity. PlaoaUd tWUMO)! contain* ciw, I. 
..pmtnnn aIaA 900* olonod uodor control or tt« La£ proootor lo too oroad 
Boot r«<iaa ▼octor (MWB14 (J). pAO*OJI »** introduced (Oy triparootal Mtlag) 
into •avoxal alfllDato-ooeotlvo wutaota of I. a*£2aiQQU. «• 4lflA •*«»• 

vn ovoroxpraoood by I PTC induction. Crve* ax tract* «oro prooaxod froo Umoo 
coll*, #*d tto loooio of MI activity w**o ootaroload. T*o ovxrocto *oro at— 
umt^ Cor *»* ooaoaaUtaoc ItcrtM* lo rtm activity t»«t arccajpoola* 
ovorprodoctloo of mi (>) . Uovatod lovola ot fW activity vara o*»ar*od lo 
oil o*tc*no oxcopt toot proporod frooj MCiat [Tarlo lit. itrdiM 

«»x/oAD40Jl and USft/pADJOM voro roar own and ro-oxamlnad 1b a • opart to 
oopotlaoot. *oVb (Ualna tad too ovpoctod bin* lo**l» o< TKZ ano CRT. »ot 
ogato ooly •ill/pAD«0)o hod • coooooiltaot, loeroooo to Vt«t M^lvlty (dot a not 
•bowor. 
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« «mj Lfff! flgQ-Ofc- 

Tft i n a nrnnrur t- ^irTf a r a im un l nawa . f a nrraH ln(«tt T inli m - 

t«»«a ar- aoaborod aa (ollo-o. *•»•> 2. firTCIj J. ll)l/pM2] : 4, 

• ilt/pttmii ( • ifTQ); ), lii4/o*rii; fBii/p**!! ctrroi; 7. 4»34/p*o«a4«n; 

I. •4)4/pMK>44D (.t>TC1l 1 . ll*l/p«X4t; 10, •■3l/p»X4« {*IFTC»; 11, XCtOt 

II, *C»0/pwtt**HI; 1J. ACBO/pfMICD <*trW|; I*. *CfO/pOC4«; 15. 4£00/p«I49 
l-tmi. Holoowlax wolght oorKara aco abows on MU «Uoo of Um oai. Too 

• lorailoN oooltton ot VMM Uoooo 3. 9. <M 10) U lodicatod try Cho «rrow. 
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Ml or cha •l9lMU-n*giUTt wuittt nt« darlwod froo tna tLaolo oucotd 
• craln alio by (U outaqonaaia . Tia normal bia*l l»»ait of PMl jod Ptw lo 
rucold icraln* till and 1*10 (1.*.. In tlvo atsooco ol ?U»eid- aorn* 4^3 
caoaat aro aoo-jt 3. 3-1.0 au/aq and 1.0 oU/mQ, ro*o*#ti*«ly <)». 



PI?. !. tluclon orofll.^ nt ffW fat folleMlng «*»«tl.l nirl i>ht tr*. «"rni 
a; Igfl-OTrgr.anoo fHrfimjvir t| nn y thn^trt- ^na,ll. hyAnrry I.Mtlti riir.-f^.^y 
<gear«r B*nall. inJ ijal "';r t ^t la n ^T 1 rftfTr.fihy f - rtfl r^.i^] } rb o> dot tod 
liana ropxaaont U40. Tha daaAod lino* in too Dot too «loO oootar puaii 
^•proaoot ttia o*ci ( lon-axckooo* ) on4 potoaaltoo pooopoata (trydmylapotlto ) 
qrodlaaia. 
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peri) la ta* clooloo vacur uaod to cooatrvct put. 





rt«. 4. 5P1-PACT nf TMM nM rifift<n rhw^hfttir tra flflcatlnn .t.p. f,»*« fig, 
il- toftoo ar» owborod a* followo. I. crodo aortroet; 1, lon-oaxbOA^o; J, 
.TydxcoryUpotltoi 4, ool filtration. Migration pooltlono of oslacular volqht 
•oraara aro abowo on too loCt aldo of to* «ad. »• «t»< lodlzatoo tft* mt 
baod, alvracLoa to a poaltlon corroopoodlaf to o oolocoioc volant or 
apBTOatlBOLoly 51 ,000. 



tj B ti afl arnruii j?t mr , fT i rw fii - cwdo -tract, or r. a 
tlll^l^tl p*"* 1 ' *c«/p*i«9 Cirrej (top P *n.n *. r . 

Tt.J7 loo-owhanoo cftrc*ot^orapf,y . dottod and daaAod llitw 

roproaant AJiO aad Ua Mad Qtadloot. roopactlvoly. 
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■ fButflci. A S^iaa -PICT protaln d*t* »•»♦ ••axcb with. *.b«. rAXTV progcaaj 
lda*iU£l*4 * r*«ie» or 111 «*Uno *e»da of f>« *tilcfi war* hovolo?oua \o MM. 
th« tut *iiffi»ot or uiw 4cidi or m *iu> tn« or f« **♦ aho»#n. o««h«» 

rapraaont oapa Lntro««tc*d to oexiMlxa aUQwaMt. Soubla dot* lr.dlcat* 
Jentlcal aalr.o aclda »ad •lnol* doca Indicate CBR»«rv*d a«lno acid 
iaplac*aja*ca (L^I-v-«. D-f, 3-T, afid r-t). Too wlno acid nu«a>arln« 

•rata* u*«d l* la ftmcw to tha> tlrat K-t«nUA«l «*1ko acid poaltloa 

da* 11} ft* tad »• *l. 
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tr f' Yr » At * r»oioft of ?CH. Tha 4 aaUno aolda -hlca ara erlzioal tn foci 
aetl»a o( ?C* (Ut axa> toud. 3owfll« dot* tvprNMt ldaollca.1 

acldi and ilocia (taci tadlcit* aon*«rvMl amino acid rapl»£*aM»o*a (l-I- 
D-£. *-«.. 8*Q. 3-T. *od r-T). Tfia Mloo »cld ouartwrlog lytti* (land l« i 
f«:»c«.ie* "o tn* flr»t K-tarauna.1 uino acid position eania.nA*ad •» *1 
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f a* • 1. loth «tc»n<:» or Cfi» an«li» Aid£ eaoir^ r*jloi« ■»£ «U bp 

i4* or zn» tr»n»;*tii»n*l it^rt alia war* itqatrcM (only •■ 

rand of tha ••g.nanca l» ahown). Tha artov i.-,<li:a 
iptlem and tfta tranacrlpcicnal 



CTim ClcaCilori ot 
Htft alte oC Xha »ia£ ?ana . Tha aJtXik 
laadar ••q-4*ne« la wr.dacl Lnad . ' Tft» trane lailaaa I ini'. latlon codon. AT3, t» 
i.idlcacad by Tft» eorraapandlnfl aslco acii a^qna^c* t» ft* lew rita Cttl 

••quanca *ae i» r.u«ii«rad -It ft r .n« tran* l«Ll»naI iMtiatlDt) ate* 4a >l. Tha 
jut.Atiw« r i boa oaa-Oin ding • 1 la (CCAC) La ijidiealad &y (oooo). TSa CC (at 
potttisaa -i; ar.d -21) and -..-a ;c jac -JJ and t».*t alao ajrlit lr. 

jpatraa* r*oian 31 tha « -g^ antf aUfili «r» =arkae Sy a (■). 

CospianancAry to t.la pxirar Ji»d :n 91 niKlaoa capping ara ovarliftad. laa«a 
ahovo in lovac caaa lactaca (-•* *-o -941 ara ho»oi3?cya to tea aaquaaca afisiwn 
=o ea cua olndlaf H-.a r*f «■ Ai^m prot.l.-. to tua «?«f««» raglan o( ^r.a 
» 1 cO gan* ! 41 ) . 
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